See page 2609 for the editorial comment on this article (doi:10.1093/eurheartj/ehi607) Aims Increased arterial wave reflections are associated with the presence and extent of coronary atherosclerosis and with cardiovascular mortality in selected populations. We prospectively evaluated their prognostic value in the short-and long-term following percutaneous coronary interventions (PCIs).
Introduction
Unfavourable alterations of the mechanical characteristics of the arterial system in general and the reflective properties in particular are increasingly recognized to play an important role in cardiovascular diseases. Brachial artery pulse pressure (PP), a crude estimate of arterial stiffness, has been identified as an independent predictor of cardiac (primarily coronary) events. 1 Moreover, brachial artery PP has been independently associated with total mortality in the Balloon Angioplasty Revascularization Trial. 2 In addition, pulsatility of the ascending aorta 3 and earlier return of the reflected wave 4 , both determined invasively, appear to be powerful predictors of restenosis in patients undergoing conventional balloon angioplasty.
Arterial stiffness, determined by pulse wave velocity, has been linked to primary coronary events and cardiovascular mortality in end-stage renal failure patients 5 and in hypertensives. 6 An increased effect of arterial wave reflections on central arteries predicted impaired survival in dialysis patients. 7 Recently, we observed that premature/increased arterial wave reflections, measured non-invasively and quantified as augmentation index (AIx), are associated with the presence and extent of coronary artery disease (CAD). 8 We tested the hypothesis that non-invasive assessment of arterial wave reflections provides prognostic value in CAD patients undergoing percutaneous coronary interventions (PCI) and is capable of identifying patients who are prone to experience adverse cardiac events.
Methods
This study was conducted in a referral cardiology department in a 1050-bed tertiary care hospital in Austria. We prospectively screened 404 unselected patients undergoing PCIs, balloon angioplasty and/or stent implantation, for stable angina or acute coronary syndromes (ACSs) for study inclusion. Patients with more than mild valvular heart disease (n ¼ 6), left ventricular ejection fraction ,35% (n ¼ 8), or atrial fibrillation (n ¼ 13) were excluded. Moreover, in 84 patients, pulse waveform analysis (PWA) data were not available due to their short hospital stay, and in 30 patients, PWA tracings were of poor quality. One patient was lost to follow-up. The latter 115 patients were slightly younger than the remaining 262 patients, who comprised our study population (mean age was 61.8 vs. 65.6 years), all other baseline and & The European Society of Cardiology 2005. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org angiographic characteristics as well as medications and event rates during follow-up were similar between the two groups (data not shown). All patients were studied while on regular medications (discontinuation of drug therapy was not warranted in our patients, because most of them suffered from ACS) and gave written informed consent. The study was approved by the local Ethics Committee.
Hypertension was present with repeated measurements !140 mmHg systolic blood pressure (BP) and/or !90 mmHg diastolic BP or permanent antihypertensive drug treatment. Diabetes mellitus was defined as a fasting blood glucose concentration !126 mg/dl or antihyperglycaemic drug treatment. Current smoking was defined as having smoked the last cigarette less than 1 week before coronary angiography. Creatinine clearance was estimated using the Cockcroft-Gault formula. 9 Coronary angiography and PCI Coronary angiography and PCI were performed using standard techniques 10 on a digitized coronary angiography equipment (Cathcor, Siemens, Germany). All clinical and procedural decisions were left to the discretion of the operator. No drug-eluting stents were used during the study period. The extent of CAD was defined as one-, two-, or three-vessel disease. Lesion complexity was characterized by standard angiographic criteria. 11 Quantitative coronary angiography was performed offline, using the CMS software (Medis, Nuenen, The Netherlands), by one experienced interventionalist (J.A.), who was blinded to the patient's clinical course. Analysis was performed in each patient. (The lesion with the highest diameter stenosis at baseline was selected in patients with multivessel PCI.) Unsuccessful PCI was defined as a failure to achieve a minimum stenosis diameter reduction to ,50%.
10 A procedure-related myocardial infarction (MI) was defined as the occurrence of signs and/or symptoms suggestive of MI following the procedure, accompanied by angiographic evidence of abrupt vessel closure, important side branch occlusion, or new and persistent slow coronary flow, as well as elevation of necrosis markers troponin I or T or creatinine kinase of more than three times the upper limit. 10 All patients were scheduled to receive weight-adjusted unfractionated heparin during the procedure, clopidogrel 75 mg/day for at least 4 weeks after stent implantation, and aspirin 100 mg/day indefinitely.
Pulse waveform analysis
Assessment of arterial stiffness was performed non-invasively with the commercially available SphygmoCor system (AtCor Medical, Sydney, Australia), as previously described. 8 In brief, peripheral pressure waveforms were recorded from the radial artery at the wrist, using applanation tonometry with a high fidelity micromanometer. After 20 sequential waveforms had been acquired, a validated, 12 generalized transfer function was used to generate the corresponding central aortic pressure waveform. AIx was derived from this with the technique of PWA. 13 As AIx is influenced by heart rate, an index normalized for heart rate of 75 b.p.m. (AIx@75) was used in accordance to Wilkinson et al.
14 Only high quality recordings, defined as an in-device quality index !80% and acceptable curves on visual inspection by the investigator (T.W.), were included into the analysis. All PWA-measurements were taken in the sitting position in a quiet, temperature-controlled room (22 + 18C) after a brief period (at least 5 min) of rest, most often on the day following PCI, by nurses not involved in performance or interpretation of the angiograms. Repeatability of PWA is good, as previously reported. 8 
BP measurements
BP measurements were performed with a validated, 15 automated wrist BP monitor (Omron R3, Omron Healthcare, Tokyo, Japan) with the radial artery kept at heart level during measurement.
Study endpoints
Primary endpoint was the combination of death, MI, and clinical restenosis observed within 24 months following PCI. Non-periprocedural MI was defined in accordance to previously published guidelines 16 either as increased cardiac troponin (either T or I) exceeding the 99th percentile of a reference control group with acceptable imprecision, accompanied by ischaemic symptoms or typical ECG changes, or as typical findings on autopsy. Clinical restenosis was defined as re-occurrence of symptoms consistent with myocardial ischaemia in the presence of angiographically documented diameter stenosis !50% at the previously treated vessel site.
Follow-up
First data were collected at hospital discharge. Information after 3, 12, and 24 months was obtained primarily by a written questionnaire, which was returned by almost two-thirds of patients. The remaining patients were followed by a telephone interview or, if not achievable, by information obtained from their general practitioners. Overall, complete information of 262 patients on the 24-month status was available. If a patient reached an endpoint (death, MI, and clinically apparent restenosis), the hospital record or, if the patient was not hospitalized, information from the general practitioner was obtained. All endpoints were adjudicated by the two investigators (T.W. and E.L.) independently.
Statistical analysis
Patients were divided into tertiles, on the basis of their AIx@75 levels. All parametric values were expressed as mean+1 standard deviation. Baseline characteristics were analysed with the use of Kruskal-Wallis analysis of variance or x 2 test for continuous or categorical variables, as appropriate. To account for multiple testing, Bonferroni's correction was applied. All tests were two-sided. Numerical correlations were established by Spearmancorrelation. AIx@75 levels at baseline were compared according to outcome, using Mann-Whitney U test. Unadjusted event rates in AIx@75-tertiles were compared by Pearson-Mantel-Haenszel test. To visualize the relation between AIx@75 and two-year event-free survival, Kaplan-Meier plots were generated, and the log-rank test was used for comparison of the resulting survival curves. Coxproportional hazards modelling was used for the determination of multivariable predictors of the composite primary endpoint. AIx@75 was entered into the statistical model as tertiles or as a continuous variable. Other variables included in the model were known clinical predictors of cardiovascular events and all univariate predictors of the primary endpoint with a P-value of 0.20. Therefore, gender, age, smoking, prior MI, prior stroke, diabetes, peripheral arterial occlusive disease, extent of CAD as one-, two-, and three-vessel disease, clinical presentation, medications, triglyceride levels, creatinine clearance, body mass index, brachial systolic BP or brachial PP, all angiographic variables as presented in Table 2 , and AIx@75 as a continuous variable or as tertiles were entered into the full multivariable model for prediction of the primary endpoint (no automatic variable selection algorithms were used). To examine whether the assumption of proportional hazards was met, we checked each covariate by plotting the survival curves on a log-minus-log scale and found no violation to this assumption. The linearity assumption was assessed by comparing the estimates of AIx@75 in models including the continuous variable as such with that in models in which the percentile dummies of AIx@75 were included. The linearity assumption was satisfied. A P-value of less than 0.05 was considered to indicate statistical significance. Statistical analyses were performed using the Statistica 6.0 (StatSoft Inc., Tulsa, OK, USA), BiAS for Windows 7.05 (Hanns Ackermann, Frankfurt, Main, Germany), and SPSS 13.0 (SPSS GmbH software, Munich, Germany) software packages.
Results

Baseline characteristics
Demographic, angiographic, and procedural parameters of our patients, subdivided according to tertiles of AIx@75, are summarized in Tables 1 and 2 . Increasing tertiles of AIx@75 were associated with female gender, older age, lower body mass index, lower triglycerides, lower creatinine clearance, higher inflammatory activity as assessed by hs-Creactive protein, a higher proportion of patients with peripheral arterial occlusive disease, and higher systolic BP and PP, both brachial and estimated aortic. Angiographic variables of the culprit lesion did not differ between the tertiles.
Clinical determinant of prognosis
By the end of the follow-up, 12 patients died, 22 suffered from MI (five fatal and 17 non-fatal), and 40 were diagnosed with clinical restenosis (32 with worsening angina and eight with MI). In nine, these events occurred in hospital, including seven non-fatal and two fatal MIs, and in others after discharge from hospital in stable condition. Overall, 61 patients reached the primary endpoint (event group).
They did not differ from patients with an uneventful course of disease with the exception of diabetes, prior stroke, and three vessel CAD, which were more frequently observed in event-group patients.
Arterial wave reflections and clinical events
Mean baseline AIx@75 was significantly higher in patients reaching the primary endpoint as well as individual endpoints when compared with patients with an uneventful course ( Table 3) Figure 1 shows the cumulative proportion of patients remaining event-free according to tertiles of AIx@75. Event-free survival was significantly associated with AIx@75-tertiles, with outcome being worst in those patients with highest AIx@75-levels (P ¼ 0.001 and 0.03 for difference between T3 and T1 and between T3 and T2, respectively, log-rank test). When considering the composite endpoint of death and MI, we again found a worse outcome in patients with increased wave reflections (P ¼ 0.006 for difference between AIx@75-T3 and -T1, log-rank test; Figure 2) .
Moreover, in univariate analysis, a higher AIx@75 was associated with an increased risk for all-cause mortality (RR 4.33 for T3 vs. T1, 95%CI 
Multivariable analysis of risk factors for the primary endpoint
In a multivariable Cox-regression analysis adjusting for a large number of covariables (Statistical Analysis), increasing tertiles of AIx@75 still independently contributed to the prediction of the primary endpoint ( Table 4 ). The multiple adjusted RR for the primary endpoint was 1.8 per increasing AIx@75-tertile (95%CI 1.18-2.76, P ¼ 0.006). When we entered AIx@75 as a continuous variable into the model, the multiple adjusted RR for the primary endpoint was 1.04 per unit (95% CI 1.01-1.07, P ¼ 0.009). In addition, in both models, only a lower creatinine clearance, a lower incidence of beta-blocker use, more complex lesion type (B2 or C), and the use of GP IIb/IIIa inhibitors were independently associated with a worse outcome. The latter might largely reflect an unfavourable peri-interventional course, because GP IIb/IIIa inhibitors were not randomly distributed among our patients, but mainly used in 'bail-out' situations at that time in our institution.
When we replaced brachial systolic BP by brachial PP in our multivariable model, results were virtually unchanged: the multiple adjusted RR for the primary endpoint was 1.72 per increasing AIx@75-tertile (P ¼ 0.01), whereas brachial PP did not independently contribute to the prediction of the primary endpoint. 
Discussion
The main novel finding of the present study is that increased arterial wave reflections, measured non-invasively through PWA, predicted the occurrence of severe cardiovascular events in CAD patients undergoing PCI, beyond the prediction provided by classic or angiographic risk factors. To the best of our knowledge, there has been only one prior study, relating wave reflections to survival, but only in a highly selected, small patient group (dialysis patients). 7 In a recent study, aortic pressure augmentation, calculated from pressure tracings obtained during cardiac catheterization, predicted adverse cardiovascular events in patients with established CAD. 17 However, it is obvious that a non-invasive approach has clear advantages for the determination of arterial wave reflections in larger patient groups and their changes in response to medical therapies.
Therefore, both studies are complementary and, together, strongly suggest that increased arterial wave reflections could have detrimental consequences in the large group of CAD patients.
According to our multivariable model, it might be hypothesized that prognosis in patients undergoing PCI is determined by local factors (lesion complexity and GP IIb/IIIa use reflecting an unfavourable periprocedural course as in our study), systemic factors (renal function and arterial wave reflections), and medications (beta-blockers).
Several mechanisms may explain the contribution of arterial mechanics: increased stiffness of the central elastic arteries is the primary cause of increased systolic BP and PP with advancing age and in patients with cardiovascular disease and is due to degeneration and hyperplasia of the arterial wall. As central arterial stiffness increases, transmission velocity of both forward and backward (or reflected) pressure waves increases, which causes the reflected wave to arrive earlier in the central aorta, augments pressure in late systole, and reduces diastolic pressure. The former causes an increase in left ventricular after-load and myocardial oxygen consumption and the latter a decrease in coronary perfusion pressure. 18 The reduction in coronary perfusion is especially pronounced in patients with advanced CAD with diminished coronary reserve, when aortic diastolic BP becomes the overriding haemodynamic factor, which controls coronary blood flow. 1 The combined effect of higher systolic and lower diastolic BP is an unfavourable change in the myocardial oxygen demand/supply ratio, leading to increased coronary risk. 1 Consequently, large artery stiffness has been shown to predict ischaemic threshold in patients with CAD. 19 In contrast, in addition to structural alterations of large arteries, affecting the timing of wave reflections, functional changes including smooth muscle tone of small arteries and arterioles may exert an important influence on the intensity of wave reflections. The effects of therapeutic doses of nitrates on wave reflections and AIx have been described in detail 20 and are consistent with our findings (Table 1) . Moreover, AIx and its changes with pharmacological interventions have been proposed as an alternative way of measuring endothelial function. 21 Given the well-known prognostic relevance of endothelial dysfunction, 22 our results on the predictive value of AIx@75 might point to the same direction. The weak albeit statistically significant relationship between plasma levels of hs-C-reactive protein, a pro-inflammatory Figure 2 Kaplan-Meier estimates of the secondary endpoint (death and MI) at 2 years, according to AIx@75-tertiles at baseline. Differences between Tertiles 1 and 3 were statistically significant (P ¼ 0.006, log-rank test). biomarker associated with endothelial dysfunction, 22 and AIx@75 (Spearman-R 0.18, P ¼ 0.003; Table 1 ) seems to support this point of view.
Of note, in our study, AIx@75 was a much better measure for risk prediction than brachial artery PP. This confirms our previous findings 8 and might be explained by several mechanisms: first, AIx@75 is derived from the (calculated) aortic pressure waveform and, therefore, not influenced by vascular amplification of the pressure wave in the upper limb, and second, as the pressure curve is obtained by high-fidelity tonometry, AIx@75 is not dependent on any inaccuracy in using the cuff sphygmomanometer.
What would be the clinical implications of our findings? The therapeutic benefit of antihypertensive drugs on arteries consists of two major effects: the effect due to BP lowering and the direct effect of the drug on the vessel wall. Drug therapy that favourably influences blood vessel function may directly improve the mechanical properties of the arterial vasculature, independent of changes in the BP. Indeed, it has been shown that for the same amount of diastolic BP reduction, the combination of a low-dose diuretic and an ACE-inhibitor decreased systolic BP, PP, and wave reflections to a significantly larger extent than a betablocker. 23 A therapeutic trial in a population at high cardiovascular risk has recently shown that the pharmacological treatment of hypertension is associated with a longer survival, when the reduction in BP is associated with a significant improvement in large artery function in terms of pulse wave velocity. 24 Thus, pharmacological agents favourably altering large artery function and reducing wave reflections 25 might be needed to improve prognosis. This has been confirmed in a large-scale trial 26 in high-risk patients using an ACE-inhibitor. Although arterial stiffness and/or wave reflections were not measured in that study, a comparison of the active drug (ramipril) against atenolol did show substantial reduction in wave reflection with ramipril but not with atenolol. 27 In contrast, pure beta-blockers have little or no effect on wave reflections, but they enhance AIx (but not AIx@75; Table 1 ) by reduction in heart rate. Therefore, and consistent with our findings, their beneficial effects in CAD patients might relate to their myocardial protective actions, 28 independent of their impact on the vasculature.
A possible limitation of our study is the relatively small number of patients. Thus, further studies in larger populations, ideally in a multicentre design, may add additional information. Moreover, because of the well-known effects of severe systolic dysfunction on AIx (i.e. reduction of AIx due to the incapability of the failing ventricle to generate a pressure boost to fully compensate the reflected pressure wave 29 ), we excluded patients with an ejection fraction ,35%. Therefore, the prognostic value of AIx@75 in these patients remains unknown. This is also true for patients with valvular heart disease and for those with atrial fibrillation.
In conclusion, the results presented herein indicate that increased arterial wave reflections are strong and independent predictors of severe cardiovascular events including death, MI, and clinical restenosis in CAD patients undergoing PCI. Considering our data together with previous observational studies, a therapeutic trial in these patients aiming to reduce wave reflections and, thus, improve prognosis seems to be warranted.
